Introduction
Acetylacetone, also known as pentane-2,4-dione or Hacac, the quintessential example of the 1,3-dicarbonyl class of compounds [RC(O)CHR"C(O)R""], was first prepared by Claisen about 125 years ago, from the base-catalysed condensation reaction between acetone and ethyl acetate [1] . Since that time, a number of alternative and more efficient synthetic pathways [2] [3] [4] [5] , including palladium-catalysed carbonylative -arylation of acetone [6] , have been developed to produce a broad range of β-1,3-dicarbonyl containing organic substrates, as ferrocene-containing β-diketones were introduced in the late 1950s [7, 8] , shortly after the discovery of ferrocene [9] , while its ruthenocene relatives were published only fifty years later [10] . This constant interest, over the years, of organic, inorganic and physical chemists to β-diketones and related compounds results from their valuable intrinsic chemical and physical
properties. In particular, their keto-enol tautomerism has been extensively studied in solution by FT-IR and NMR spectroscopy and by electrochemistry and in the solid-state by X-ray single crystal diffraction analysis [11] . In solution, the 1,3-diketone cores generally exist as equilibrium
mixtures of diketo [RC(O)CHR"C(O)R""] and enolone [RC(O)CR"=C(OH)R""]
tautomers [10] [11] [12] [13] [14] [15] [16] [17] [18] , whereas in the solid-state, the keto-enol isomer is generally the sole form observed [14] [15] [16] [17] [18] [19] . This feature has been rationalized in terms of resonance-assisted hydrogen bond (RAHB) model based on intercorrelation between spectroscopic and crystal structure parameters, originally introduced by , for explaining the abnormally strong internal hydrogen bonding within the enolone fragment. It has long been documented that β-diketones are important building blocks in organic synthesis [20] [21] [22] , where in addition to their established role in the synthesis of various N-containing heterocyclic derivatives [23, 24] , they have been widely used for the construction of polydentate Schiff base ligands [25] . Likewise, β-diketone ligands are versatile metal coordinating agents and have played a significant role in coordination chemistry for a long time [26] . Due to the presence of two oxygen donor atoms and, as stated above, facile keto-enol tautomerism, they easily coordinate with metal ions after deprotonating the enolic hydrogen atom and provide stable metal complexes with six-membered chelate rings. [35] , and molecular machine [36] . Despite the great potential of this class of molecules, organometallic chalcogenomethylenepyran compounds remain scarce. Caro and co-workers first developed and used benchrotrenyl pyrylium salts as amino acid and protein labelling reagents [37] .
Those authors also opened simple and efficient routes to NLO active, unsaturated chalcogenomethylenepyran Fischer-type chromium and tungsten carbene complexes, as well as mixed sandwich iron hydrazones using pyrylium salts [38] , or aldehyde functionalized methylenechalcogenopyrans [39] . Actually, -methylenepyrans, which are proaromatic donor, are attracting synthons as electron-donor parts in push-pull structures as they gain aromaticity upon internal charge transfer process.
In pursuit of this work, some of us were involved in the preparation of the first ferrocenylmethylenepyran derivative and have shown that its electro-or chemical oxidative coupling leads to the reversible formation of ethanediferrocenylbispyrylium salt through the dimerization of a ferrocenylmethylenepyran radical intermediate. Reversible deprotonation of ethanediferrocenylbispyrylium salt afforded an extended diferrocenylbismethylenepyran that was subsequently reversibly oxidized to ethenediferrocenylbispyrylium salt [40] . On the other hand, part of us have been interested for several years in the synthesis of functionalized ferrocenyl-containing diketones [17, 41] , as starting materials for the construction of push-pull unsymmetrical Schiff base complexes exhibiting NLO properties [42] . Thus, we thought that it would be of interest to design extended electron-rich ferrocenyl-containing chalcogenomethylenepyrans having a chelating coordination site, that could, upon electron and proton transfer sequences, become potential constituents of conjugated polydentate ligands.
In this piece of work, we report on the synthesis, the full analytical and spectroscopic characterization, and the electrochemical properties of a series of organic and organometallic complexes containing the methylenepyran framework bearing phenyl substituent at the 2,6
positions of the pyranyl ring, including three new β-diketones derivatives, namely, 1-{4-[ (2,6- 2,6-diphenyl-4H-pyran-4-ylidene) methyl]ferrocene (7) (see formulae in Scheme 1). In addition, the crystal and molecular structures of the ferrocenylcontaining β-diketone 4, its organic precursor 2, and of the 1-acetyl-1"-[ (2,6-diphenyl-4H-pyran-4-ylidene) methyl] ferrocene derivative 6 were determined by X-ray single crystal diffraction analysis. The organic and organometallic methylenepyran-containing -diketones were prepared from the well-known base-catalyzed Claisen condensation reaction [1] , at ambient temperature using potassium tert-butoxide as basic initiator [42a] . (4) , both -diketones isolated as orange and dark-red crystalline solids, respectively, in 50% yield after work up and recrystallization (Scheme 1).
Results and Discussion

Syntheses and spectroscopic characterization
Moreover, in order to design extended electron-rich ferrocenylmethylenepyran having a chelating 1,3-dicarbonyl coordination site, it was necessary to prepare the corresponding acetyl precursor. Ferrocene is well-known to behave as an aromatic molecule. For example, it can be easily acetylated with acetyl chloride in the presence of AlCl 3 [44] . Therefore, ferrocenylmethylenepyran 5 was subjected to such a Friedel-Crafts acylation reaction in dichloromethane at 0°C for 2h (Scheme 1), yielding the corresponding acetylated derivative, 1-acetyl-1"-methylenepyranyl-ferrocene 6, that was isolated in 61% yield as a red microcrystalline powder. (2)- (4), (6) and (7).
Scheme 1 Synthesis of the new compounds
Under the experimental conditions described above for preparing 3 and 4, the condensation reaction between the electron-rich acetyl complex 6 and acetyl acetate failed. The increased electron-donating properties of the ferrocenylmethylenepyran fragment, with respect to the ferrocenyl one, lowers the acidity of the methyl hydrogen atoms of acetyl substituent which in turn necessitates the use of a stronger base. We, therefore, used lithium diisopropylamide as the active base initiator, a route that has proven effective in the synthesis of the targeted ferrocenylmethylenepyran-containing -diketone 7 (Scheme 1), although 7 was isolated in a modest 20% yield as an orange powder. Indeed, 1 H NMR analysis of the crude product showed that the -diketone was formed in 30% spectroscopic yield, with 23% of acetyl precursor 6, and 47% of unidentified product that could arise from self condensation of the acetyl starting material [14] . Complex 7 was separated from the reaction mixture by column chromatography. Use of N,N-dimethylacetamide instead of ethylacetate did not permit to improve the yield of 7.
The new compounds, isolated as microcrystalline powders, are thermally stable air and moisture insensitive on storage under ordinary conditions, exhibiting good solubility in common polar organic solvents but are less soluble in petroleum ether and n-hexane and can be crystallized from them. Their composition and identity are supported by elemental analysis, FT-IR, one-and two-dimensional NMR spectral data and mass spectrometry.
Additionally, the crystal and molecular structures of compounds 2, 4 and 6 were determined by single crystal X-ray diffraction analysis (see below). can be assigned to the (C=O) stretching vibration of the keto tautomeric form.
The formation of the new compounds 2-4, 6 and 7 were readily noticed in their respective 1 H NMR spectrum with in each case a sharp singlet at  3.87, 3.91, 2.36, 1.93 and 2.28 ppm assigned to the methyl ester protons of 2, the methoxy protons of 3, and the acetyl protons of 6, 7-enol and 7-keto, respectively. For 4, the sharp peak assigned to the protons of the free cyclopentadienyl ring was found at  4.23 ppm. Additionaly, for 6 and 7, one can note that the two types of hydrogen atoms of the substituted cyclopentadienyl rings containing either the electron withdrawing acetyl or "acac" group are deshielded (0.26 and 0.33 ppm for 6, 0.20 and 0.33 ppm for 7-enol, 0.22 and 0.30 ppm for 7-keto) compared to those attached to the cyclopentadienyl ring bearing the electron donating methylenepyran fragment.
Moreover, the 1 H NMR spectra of β-diketones 3 and 4, recorded at 25 °C in CDCl 3 , exhibited for the 1,3-dione fragment only one set of two singlets at  6.81 and 6.41 ppm for the vinylic C-H proton, and at  17.09 and 16.82 ppm for the O-H protons of the enol form, respectively. These downfield positions are in full agreement with the above discussed FT-IR data and also supported by the crystal structure of complex 4. The above mentioned solution behaviour, where no keto tautomer can be detected, is similar to that we recently reported for [17] . By contrast, the 1 H NMR spectrum of the β-diketone 7, also recorded at 25 °C in CDCl 3 , showed an enol/keto signal pair, indicating that (7) does exist as a mixture of keto-enol and -diketone tautomers in a 73:27 spectroscopic ratio. The vinylic C-H singlet at  5.65 ppm (1 H) for the keto-enol form gave rise to a sharp resonance at  3.81 ppm (2 H) for the -diketone isomer. The downfield shifted O-H enol proton was observed at  15.98 ppm. In the three cases, enolization takes place exclusively away from the anisyl or ferrocenyl group. This is in agreement with previous observations [13] [14] [15] [16] [17] [18] , and with the existence of a resonance driving force instead of an electronic driving force to explain the dominance of the Cp- [14] . Indeed, a linear relationship has been established between group electronegativity χ R on the Gordy scale and carbonyl stretching frequency υ(CO) of methyl esters [14, 45] . In the case of complex 2, utilizing the carbonyl stretching frequency, one can evaluate the electronegativity of the phenyl methylenepyran (R) fragment to be around 2.0. By extrapolation, since the electronegativity χ R of the ferrocenyl group is lower than that of the phenyl group on the Gordy scale, one can evaluate the ferrocenylmethylenepyran fragment to have a lower χ R value than the phenylmethylenepyran fragment. Consequently, from an electronic point of view and assuming the value of 2.3 for the methyl group [14, 45] , the dominant enol isomer should be R-C(OH)=CHC(O)CH 3 . Similarly to the ferrocenyl -diketone [14] , a resonance driving force may be taken into account to explain the observed dominant enol form for 7.
Interestingly, on passing from 7-enol to 4 and from 4 to 3, one can note two successive significant downfield shifts of 0.76/0.40 and 0.84/0.27 ppm for the vinylic and the enol protons, respectively, as a consequence of the participation of the pseudo-aromatic enol ring in the conjugated system, an effect that can be correlated with the increasing pyrylium character of the methylenepyran unit (see below).
The 1 H NMR spectra of compounds 2-4, 6 and 7 displayed also the three characteristic signal pattern attributed to the H-3, H-5 and H-7 methine protons of the methylenepyran fragment (see Table 1 and Fig. 1 for atom labelling scheme).
Fig. 1
Labeling scheme used for NMR assignments. it apears that the ferrocenylmethylenepyran derivatives 6 and 7 have a lower pyrylium character. In 2-4 the exocyclic C-7 carbon is substituted by an electron withdrawing p-C 6 H 4 -C(=O)R group whereas in 6 and 7 it bears the electron releasing ferrocenyl moiety. The electronic nature of those substituents has also a profound deshielding effect, up to 0.6 ppm, on the H-7 proton (Table 1 ). 
X-ray crystal structures
The molecular structures of compounds 2, 4 and 6 with the atom labeling scheme are . In addition, the mean planes of the aromatic rings at C-2, C-6 and C-7 (this atom labelling refers to Fig. 1 118.04 (17) .
Complexes 4 and 6 contain the 1-ferrocenyl and 1,1"-ferrocenyl moiety, respectively. In compound 4, the iron atom is coordinated to the free and substituted cyclopentadienyl rings at ring centroid-iron distances of 1.661 and 1.642 Å, respectively, whereas in compound 6 the two ring centroid-iron distances are identical and equal to 1.650 Å, although one ring bears a donor methylenepyran substituent and the other an acceptor acetyl one. [47] .
On the other hand, within both 4 and 6 the acyl units C (10) In compound 4, the angles at C(11), C(12) and C (13) reported values for keto-enol tautomers of -diketone derivatives [13] [14] [15] [16] [17] [18] [19] . In addition, the plane of the [OCCCO] framework is almost coplanar with both the substituted cyclopentadienyl ring and the phenylene ring, making dihedral angles of 6.22 and 7.02°, respectively, a situation that should allow partial conjugation between the two parts of the molecule. Lastly, the crystal packing of (4) Fig. S1 ).
2-3-Electrochemical studies
The redox behavior of these new organic and organometallic compounds 2-4, 6 and 7 was investigated by cyclic voltametry in dichloromethane containing 0.1 M n-Bu 4 N + BF 4 -as supporting electrolyte (see Figure 5 , and Figures S2-S4 Moreover, on the reverse scan of the cyclic voltamogramm, a new irreversible cathodic wave was observed between -0.69 and -0.86 V vs Cp 2 Fe +/0 that is not observed when the scan is directly run in reduction (Fig. 5 ). This electrochemical behaviour is consistent with monoelectronic oxidation followed by rapid dimerization, as previously demonstrated for ferrocenylmethylenepyran compounds [40a,b] . Indeed, the first oxidation generates a radical cation which undergoes an intermolecular C-C bond coupling to form a dimer. The latter is detected on the back scan with the observation of an irreversible reduction wave. Finally, when the scan direction was reversed toward more positive potentials, after the appearance of the reduction wave, the voltamogram was identical to the one obtained in the initial scan. This observation suggests that the product formed upon oxidation is reduced back to the original compound. This kind of behaviour, already observed by us [40] , has also been observed in other molecular systems [50] , and suggests that C-C bond making/breaking is reversibly induced upon electron transfer.
Finally, for the ferrocenyl-containing compounds, two successive reversible one-electron oxidation waves for 6 and 7 and one reversible two-electron oxidation for 4 (based on current ratio) were observed following the first oxidation process. Cyclic voltammograms of 4 and 7 are displayed in fig. 5 , whereas that of 6 is presented in Fig. S4 (Supplementary material).
Compared to the precursor compound 5, a positive shift is observed for 6 and 7, due to the presence of the electron withdrawing substituent. As previously shown for the ferrocenylmethylenepyran 5, these oxidation waves may be assigned to the ferrocenyl groups of the dicationic dimer formed after the first oxidation. In the particular case of 4, this behaviour suggests that there is no electronic communication between the two ferrocenyl fragments [51]. 
Conclusions
In this contribution, a new family of electron-rich methylenepyran derivatives has been successfully synthesized and fully characterized, and their redox properties thoroughly investigated. All the compounds described in this work contain the 4-[ (2,6- were also authenticated by single-crystal X-ray diffraction analysis. 
Experimental Section
General Experimental Methods
Manipulations of air-sensitive compounds were performed under a dry dinitrogen atmosphere using standard Schlenk techniques. Solvents were dried and distilled under dinitrogen by standard methods prior to use. [52] Chromatographic purification was performed with Silicagel 60 (0.063-0.200 µm). 2,6-diphenyl-4H-pyran-4-yl triphenylphosphonium tetrafluoroborate 1, [43] ferrocenylmethylenepyran 5, [40] and phenylmethylenepyran 8, [53] were synthesized according to published procedures. Methyl 4-formylbenzoate, n-butyllithium (2.5 M in hexanes), acetylferrocene, potassium tert-butoxide, 4-methoxyacetophenone, diisopropylamine and petroleum ether 40-60 were purchased from Aldrich and used as received.
Solid-state FT-IR spectra were recorded on a Perkin Elmer model 1600 FT-IR or 1000 FTIR spectrophotometer using KBr disks, in the range 4000-450 cm potentiostat monitored by a computer. A three-electrode cell was used, equipped with a platinum wire auxiliary electrode, a glassy carbon or a platinum working electrode, Ag/AgCl non aqueous as reference or silver wire as a quasi-reference electrode. All the potential are quoted against the ferrocene-ferricenium redox couple; ferrocene was added as an internal standard at the end of each experiment [54] . Melting points were measured in evacuated capillaries on a Kofler Bristoline melting point apparatus and are uncorrected.
Synthesis of methyl 4-[(2,6-diphenyl-4H-pyran-4-ylidene)methyl]benzoate (2)
To a Schlenk tube containing a stirred solution of 2,6-diphenyl-4H-pyran-4-yl triphenylphosphonium tetrafluoroborate salt 1 (2.90 g, 4. 98 mmol) in THF (40 mL), cooled to -75 °C, was added dropwise n-butyllithium ( (100 MHz, CD 3 COCD 3 , 25°C):  52.5 (CH 3 ), 102.9 (C-3), 109.9 (C-5), 114.8 (C-7), 125. 8, 126.3, 127.9, 128.8, 130.0, 130.1, 130.6, 130.9 (C-H arom), 131.0, 132.5, 134.2, 134 .3 (C quat ), 144.7 (C-11), 152.5 (C-6), 154.8 (C-2), 167.5 (C=O).
4.3.
Synthesis of 1-{4-[(2,6-diphenyl-4H-pyran-4-ylidene)methyl]phenyl}-3-(4-methoxyphenyl) propane -1,3-dione (3) A Schlenk tube was charged with a magnetic stir bar, 4-methoxyacetophenone (0.220 g, 1. 
4.4.
Synthesis of 1-(4-((2,6-diphenyl-4H-pyran-4-ylidene) 
methyl)phenyl)-3-(ferrocenyl)propane-1,3-dione (4)
A Schlenk tube was charged with a magnetic stir bar, acetylferrocene (0.32 g, 1.457 mmol), 8 H, 13, 24, 64, 65), 7.79 (d, 3 J H, H = 7.3 Hz, 4 H, 66), 7.93 (d, 3 124.5, 124.8, 126.9, 127.5, 128.7, 129.3, 129.6, (C-H arom) 1-acétyl-1'-[(2,6-diphenyl-4H-pyran-4-ylidene) methyl] ferrocene (6) A Schlenk tube was charged with a magnetic stirbar, acetyl chloride (0.26 mL, 3.50 mmol), aluminum trichloride (0.470 g, 3.50 mmol) and DCM (20.0 mL). The resulting mixture was stirred for 2 h at rt and added dropwise to a solution of ferrocenyl-methylenepyran 5 (0.500 g, 6.80 (s, 1 H, H-5), 7.43-7.45 (m, 6 H, H-23,24,25 and H-63,64,65), 7.76-7.69 (m, 4 H,H-22,26 and H-62,66 ). 1-(1,3-dioxobutyl)-1'-[(2,6-diphenyl-4H-pyran-4-ylidene) methyl] ferrocene (7) A Schlenk tube was charged with a solution of di-isopropylamine (576 µL, 4.10 mmol) in diethyl ether (4.0 mL) to which was added dropwise n-butyl lithium (1.6 mL, 4.0 mmol) at 0 °C. The resulting mixture was stirred for 1 h before solid sample 1-acetyl-1"-methylenepyrane-ferrocene 6 (0.500 g, 1.0 mmol) was slowly added. The reaction mixture was stirred overnight at room temperature (r.t. (C-3), 108.4 (C-5), 108.9 (C-7), 124. 4, 124.8, 128.6, 128.7, 128.8, 128.9 (C-H arom) 
Synthesis of
X-ray crystal structure determinations
X-ray data for single crystals of compounds 2, 4 and 6, obtained as described above, were collected at 150(2) K on a Bruker APEXII AXS diffractometer, equipped with a CCD detector, using Mo-K radiation ( = 0.71073 Å). For each compound, a crystal of appropriate size and shape was selected and coated in Paratone-N oil and mounted on a Kaptan loop. The loop was transferred to the diffractometer, centered in the beam, and cooled by a nitrogen flow low-temperature apparatus that had been previously calibrated by a thermocouple placed at the same position as the crystal. The structures were solved by direct methods using SIR97 program [55] , and then refined with full-matrix least-square methods based on F 2 (SHELXL-97) [56] , with the help of WINGX program [57] . All non-hydrogen atoms were refined with anisotropic atomic displacement parameters. Hydrogen atoms were finally included in their calculated positions. The disorder observed for the carbon atoms of the free cyclopentadienyl ring in 4 was modelled using two positions per carbon with fixed 0.71 and 0.29 occupancy factors for each carbon. A summary of the details about crystal data,
collection parameters and refinement are documented in Table 3 , and additional crystallographic details are in the CIF files. ORTEP and Ball-and-Stick views are generated using OLEX2 [58] . 
